The objective of the present study was to identify kit-positive interstitial cells (ICs) in guinea pig corpus cavernosum and examine their relationships with adjacent smooth muscle cells (SMCs) and intramural nerves. In addition, we investigated the possible involvement of ICs in nitric oxide (NO)-mediated relaxation of corpus cavernosum smooth muscle (CCSM). ICs were identified by their immunoreactivity to the kit receptor, a cell surface marker encoded by c-kit proto-oncogene and specific for interstitial cells of Cajal. ICs were abundantly distributed in guinea pig corporal tissues. Ultrastructural investigation by conventional transmission electron microscopy revealed the ultrastructural features of ICs and gap junctions located between ICs and adjacent SMCs, furthermore, a close contact between ICs and intramural nerves for the first time. Western blot analysis of purified ICs by fluorescence-activated cell sorting revealed coexpression of soluble guanylate cyclase (sGC)a1, sGCb1 and kit receptor tyrosine kinase protein in them. These observations imply that ICs express the NO-sensitive sGC molecule and may be involved in the NO-mediated relaxation of CCSM in the guinea pig corpus cavernosum.
Introduction
Penile erection is a complex neurovascular event involving interaction between the nervous system (central and peripheral) and the penile smooth muscle system (arterial and trabecular). Several peripheral autonomic neurotransmitters and endothelial factors control erectile function by modulating the penile vasculature and smooth muscle tone of the corpus cavernosum. 1 There is general agreement that nitric oxide (NO) is the principal mediator of the relaxation of corpus cavernosum smooth muscle (CCSM) and erection; NO is released from varicosities of non-adrenergic, non-cholinergic nerve and vascular and sinusoidal endothelium of the penis. NO acts on CCSM by activating soluble guanylate cyclase (sGC) in smooth muscle cells (SMCs) to increase intracellular concentrations of cyclic guanosine monophosphate (cGMP), which is a second messenger, and subsequently activating cGMP-dependent protein kinases. The latter then phosphorylate certain proteins and ion channels, resulting in opening of potassium channels and hyperpolarization, sequestration of intracellular calcium ([Ca 2 þ ] i ) by the endoplasmic reticulum, inhibition of voltage-dependent calcium channels, blocking calcium influx and decreasing the sensitivity of contractile protein to Ca 2 þ . 2, 3 In short, the NO/cGMP pathway induces relaxation of CCSM by reducing the Ca 2 þ sensitivity of contractile protein and lowering [Ca 2 þ ] i . However, it remains to be determined whether all these effects are due to the NO-induced direct effect on smooth muscles, in other words, whether there are other cells involved in the NO/cGMP pathway that mediate NOdependent CCSM relaxation, which has yet to be elucidated.
Interstitial cells of Cajal (ICC) were firstly reported in the gastrointestinal (GI) tract by Cajal in 1889. But in the following, about a hundred, years, the investigations about ICC made slow progress until they were restarted by Thuneberg in 1982. relationships with SMCs and nerves, and possible physiological or pathological functions of ICC (in the GI tract) and kit-positive interstitial cells (ICs)/ ICC-like cells (ICC-LCs) (outside of the GI tract) have been widely investigated in various smooth muscle tissues of human and animals. [5] [6] [7] [8] In the GI tract, ICC are considered to serve as electrical pacemakers for the generation and propagation of slow waves, and mediators of enteric motor neurotransmission, having a important role in afferent neural signaling. 6, [9] [10] [11] Recent morphological and functional evidence from various organs suggests that ICC and ICs might act as the primary targets for nerve-released NO to have a important role in NO-dependent signal transduction and smooth muscle relaxation. [12] [13] [14] ICs have been identified by their immunoreactivity to the kit receptor in the corporal tissue from man and several animals. [15] [16] [17] As dispersed corporal SMCs are able to generate spontaneous electrical activity by opening Ca 2 þ -activated Cl À channels, which is primarily initiated by spontaneous Ca 2 þ store-dependent membrane depolarization, 18, 19 the role of ICs in corporal tissues as the primary electrical pacemaker has been questioned; they may serve as intermediaries in the transmission of nerve signals to SMCs or have other functional roles. 17 Whether they are involved in the NO-dependent relaxation of CCSM has not been investigated by now.
The aim of the present study was to identify ICs in guinea pig corpus cavernosum, examine their ultrastructural characteristics and relationships with neighboring SMCs and nerves, in addition, investigate whether ICs are involved in NO-mediated relaxation of CCSM.
Materials and methods
Tissue preparation A total of 30 male guinea pigs weighing between 440 and 580 g were humanely killed after anesthetization by intraperitoneal injection of sodium pentobarbital (3 mg per 100 g body weight) and exsanguinated. The penises were removed immediately. The surrounding tissues of corpus cavernosum, including the bulbospongiosum muscle, urethra, corpus spongiosum and tunica albuginea, were dissected. The 30 specimens of corporal tissue were randomly divided into three groups for immunohistochemistry, transmission electron microscopy (TEM) and western blotting. All experimental protocols were approved by the Animal Research Ethics Committee of the Third Military Medical University.
Immunohistochemistry
The corporal tissue was cut transversally into short segments and fixed with 4% paraformaldehyde for 1 h at 4 1C. After rinsing in 0.1 M phosphate-buffered saline (PBS, pH 7.4; 3 Â 10 min), the samples were dehydrated in a graded ethanol series and routinely processed for embedding in paraffin wax. Serial sections (4-8 ± mm thick) were cut and mounted on glass slides. The sections were dewaxed in xylene, rehydrated in a graded ethanol series, rinsed in 0.01 M PBS, incubated with endogenous peroxidase blocking solution (Maixin Bio, Jinan, China) for 10 min at room temperature and rinsed in 0.01 M PBS (3 Â 10 min). After a blocking step with 10 ng ml À1 normal rabbit serum (Maixin Bio) for 15 min, the sections were incubated overnight at 4 1C with an anti-c-kit antibody, a cell-specific marker for ICC (dilution 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA). On the next day, specimens were washed in 0.1 M PBS (3 Â 10 min) and then incubated with peroxidase-conjugated Affinipure secondary antibody (dilution 1:200; ZSGB-Bio, Beijing, China) for 30 min at room temperature and washed in 0.1 M PBS (3 Â 5 min and then 3 Â 10 min). To stain the nuclei, sections were routinely counterstained with hematoxylin. Because mast cells also express the kit receptor and thus stain positive with c-kit antibodies. To distinguish these cells, some sections were counterstained with 1% toluidine blue working solution for 3 min. The samples were dehydrated in a graded ethanol series, cleared in xylene and mounted with neutral balsam. All sections were observed under a BX-51 light microscope (Olympus, Tokyo, Japan), and photomicrographs were taken using a DP-70 diGI tractal microphotography system (Olympus, Tokyo, Japan).
Transmission electron microscopy
Fresh samples were first fixed in 2.5% glutaraldehyde for 4 h at 4 1C and washed in 0.1 M PBS (3 Â 15 min), postfixed with 1% osmium tetroxide for 1 h at 4 1C and washed in 0.1 M PBS (3 Â 15 min). Samples were then stained with saturated uranyl acetate solution for 2 h at 4 1C, dehydrated in a graded ethanol series, infiltrated in a series of solutions containing different ratios of acetone and epoxy resin at room temperature overnight and embedded in epoxy resin at 65 1C for 48 h. Ultrathin sections were cut at 100 nm using a Reichert-Jung Ultracut E microtome, mounted on nickel thin bar grids and contrasted with uranyl acetate and lead citrate before viewing under a transmission electron microscope (TECNAI 10, Philips, Eindhoven, Holland).
IC isolation and purification
The corporal tissue was cut into pieces of B0. collagenase and 0.25% pancreatic enzyme. After three washes, the tissues were gently triturated through a series of three blunt pipettes, sedimented by centrifugation 400 rev min À1 for 5 min, resuspended in 1 ml of Ca 2 þ -and Mg 2 þ -free Hanks' solution containing 5% fetal bovine serum (Gibco, Gaithersburg, MD, USA) and filtered with a 30-um mesh to obtain single-cell suspensions. To reinforce the label of ICs, the cell suspensions were incubated with other PE-conjugated anti-c-kit antibody (clone: 2B8, eBioscience, San Diego, CA, USA) for 30 min at 4 1C. Macrophages and dendritic cells may nonspecifically stain fluorescent labels, and mast cells are also kit immunopositive but strongly express CD45; moreover, fibroblasts and endothelial cells may influence the purification of ICs. To sort out these cells, the cell suspensions were synchronously incubated with three fluorescein isothiocyanate-conjugated primary antibodies: anti-CD45 antibody (clone: 1H-1, AbD Serotec, Oxford, UK), anti-F4/80 antibody, a specific macrophage marker (clone: CI:A3-1, AbD Serotec, Oxford, UK) and anti-CD34 antibody (clone: RAM34, BD Biosciences, San Diego, CA, USA), washed three times and centrifuged at 400 rev min À1 for 5 min. Control cell suspensions were only labeled with PE-anti-Kit antibodies (clone ACK2, Novus Biological, Littleton, CO, USA; clone: 2B8, eBioscience, San Diego, CA, USA). Flow cytometry was performed with a Coulter EPICS XL-MCL (Beckman Coulter, Fullerton, CA, USA) equipped with 488-nm argon laser, photodiodes to measure light scattered at low forward angles (forward scatter) or orthogonally (side scatter) and photomultiplier tubes to measure three wavelengths of fluorescence. Cells were detected by triggering on forward scatter, and data files of X20 000 events were collected by using the Coulter System II acquisition software (Beckman Coulter, Fullerton, CA, USA). Listmode data files were analyzed with SuperCyt Analyst 3 software (Sierra Cytometry, Reno, NV, USA). Regions were created to define clusters with red (presumed ICs), green and red plus green fluorescences (fibroblasts, macrophages and mast cells) and unlabeled cells, including SMCs and neurons. The purity of sorted ICs was confirmed by flow cytometry. 20 
Western blotting
Fresh purified ICs by fluorescence-activated cell sorting were lysed by homogenization in a RIPA lysis buffer (Beyotime Biotechnology, Nantong, China) containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 2 mM EDTA, 1 mM Na 3 VO 4 , 5 mM NaF and 2 mM leupeptin. The homogenates were centrifuged at 12 000 rev min À1 for 15 min at 4 1C. The cellular debris was then removed, and the highspeed supernatant fraction was collected. Protein concentrations were determined using a BCA protein assay (Pierce Biotechnology, Rockford, IL, USA). Aliquots of 20 mg of cellular protein from each sample were obtained by SDS-polyacrylamide gel electrophoresis electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat dry milk in PBS containing 10 mM sodium phosphate, 0.5 mM NaCl, 10% bovine serum albumin and 0.05% Tween-20, and then incubated with anti-sGCa1 (dilution 1:800; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-sGCb1 (dilution 1:600; Santa Cruz Biotechnology) or anti-c-kit (dilution 1:1000 Santa Cruz Biotechnology) antibody solution overnight at 4 1C, and finally incubated with a peroxidase-conjugated Affinipure second antibody (dilution 1:5000; ZSGB-Bio, Beijing, China) for 2 h at room temperature. The reactive bands were detected using chemiluminescent 
Results

Identification of kit-immunopositive cells in corpus cavernosum
Immunohistochemical experiments clearly identified two types of kit-immunopositive cells in the guinea pig corporal tissue: ICs and mast cells. ICs were characterized by a fusiform cell body, with dendritic processes at each pole (bipolar) or along the sides of the cell body (multipolar), and a single large oval nucleus. They were of different sizes; 142 kit-immunopositive ICs of 10 guinea pigs were measured and analyzed, and the length varied from approximately 40-110 mm (mean 63.7±24.2 mm). ICs were located in connective tissue or among SMCs, sometimes located in the subendothelial tissue. They were usually scattered, occasionally occurred as a few cells in groups (Figure 1a and b) . Mast cells were also kit-immunopositive. Stained with toluidine blue, the mast cells showed a sparse distribution and existed mainly in the subendothelial tissue of cavernous sinus but also occurred in the musculosa. They had different morphological features, most of them were round or oval with a round central nucleus and had a size of B10 um in diameter (Figure 1c ). SMCs were kitimmunonegative.
IC ultrastructure and relationship between ICs and SMCs TEM revealed the ultrastructural features of the corporal ICs and relationships between ICs and adjacent SMCs and nerves. Lower-magnification TEM images showed that ICs had a narrow perinuclear cytoplasm and an oval nucleus, they are often located along the boundary of smooth muscle bundles (Figures 2a and d) and were close to intramural nerve fibers (Figure 2f ). Higher-magnification micrographies suggested the ultrastructure of ICs in the guinea pig corporal tissue, which were characterized by abundant caveolae along the cell membrane, numerous mitochondria and dense bodies, a few of rough endoplasmic reticulum and lysosomes in the cytoplasm (Figure 2b, c and e) . Intermediate filaments were not prominent. Some gap junctions were clearly observed between ICs and SMCs (Figure 2c ). sGCa1, sGCb1 and c-kit protein expression in ICs ICs in the guinea pig corporal tissues were isolated and purified by fluorescence-activated cell sorting, the purity of sorted ICs measured by flow cytometry is 96.8%. (Figure 3a and b) . The expression of sGCa1, sGCb1 and c-kit protein in purified ICs was assessed by western blotting. Three immunopositive bands at 65-70, 70-75 and 140-145 kDa were observed, which suggested, respectively, sGCa1, sGCb1 and c-kit protein in purified ICs (Figure 4 ). b-Actin was used as a loading control for protein concentration.
Discussion
In the present study, large numbers of kit-immunopositive ICs were observed in connective tissue or among SMCs, sometimes located in the subendothelial tissues. Their morphological characteristics were similar to those reported in previous studies. 15, 16 It should be noted that ICs in the corporal tissue did not form an intercellular network as those in the GI tract, which is considered to be crucial for synchronous generation and propagation of slow wave activity. 21 In mice with c-kit mutations (W/ W v ), the myenteric ICC (ICC-MY) networks were grossly underdeveloped in the small intestine, where pacemaker activity was lacking. 22, 23 A previous study revealed that corporal SMCs themselves were able to generate Ca 2 þ store-dependent depolarizations and subsequently trigger action potentials. 24 This evidence implies that ICs in corpus cavernosum may have roles other than pacemaker potential generators.
Before the availability of anti-c-kit antibodies, classical identification of ICC was based on their ultrastructural features, including the presence of numerous mitochondria and surface caveolae, large bundles of intermediate filaments, a moderately developed Golgi apparatus, rough and smooth ER, few ribosomes and close contacts with nerve varicosities and the formation of numerous gap junctions, both with each other and with SMCs. 25, 26 The ultrastructure of ICs in guinea pig corpus cavernosum was revealed by TEM for the first time. They had many caveolae along the cell membrane, numerous mitochondria and dense bodies, and a few of rough endoplasmic reticulum and lysosomes in the cytoplasm. Unlike the 27 Gap junctions are considered as crucial structures for intercellular signal communication and have an important role in the transmission of electrical and calcium signals between ICC and adjacent SMCs in the GI tract. 6 In corporal tissues, 18b-GA (a gap junction blocker) almost completely suppressed propagation of Ca 2 þ waves in nearby areas, although gap junctions were not directly examined in the study. 16 From these morphological and functional evidences, it can possibly deduce that intercellular communication between ICs and SMCs occurs via gap junctions in the corpus cavernosum. In addition, ICs were found to be close to intramural nerve fibers, which is the structural foundation to explore the involvement of ICs in neurotransmission, and serve as intermediaries in a complex signaling system comprising nerves, ICs and SMCs.
The sGC molecule is known as the acceptor site for NO in the NO/cGMP signaling cascade. It is composed of a cytosolic heterodimer of sGCa and sGCb subunits. 28 Among these subunits, sGCb1 acts as the common dimerizing subunit for the two sGCa subunits and is crucial for the expression of sGC in cells. Knockdown of the sGCb1 subunit gene results in the lack of sGC expression. 29 In guinea pig GI tract, ICC express NO-sensitive molecule sGC; they are considered to be the primary targets of NO and have a definite role for NO signaling in the musculature. 13 ICs in rat urethra are also reported that they act as effectors of nerve-released NO, responding to NO donors by increasing intracellular cGMP. 14 In the present study, we isolated ICs from guinea pig corpus cavernosum and purified them by fluorescence-activated cell sorting, which were recognized to have sufficiently high numbers and purity to permit detailed molecular analyses. 30 The result of western blot revealed coexpression of sGCa1, sGCb1 and c-kit protein in the fresh purified ICs. Our finding suggests that ICs in guinea pig corpus cavernosum also express the NO-sensitive sGC molecule, they may serve as effectors of NO and take part in nitrergic transmission. Whether the corporal ICs have similar roles as ICC in the GI tract or ICs in urethra remain to be investigated. It should be noted that ICs in the rabbit corporal tissues were reported as cyclooxygenase-2 (COX-2)-immunopositive cells. Furthermore, COX-2 inhibitor could largely attenuate the spontaneous electrical and contractile activities of the rabbit CCSM; therefore, authors of this report thought that ICs in corporal tissues may modulate spontaneous activity of SMCs by releasing prostaglandins produced by constitutively active COX-2. 17 Another possibility is deduced from the result, whether nitrergic transmission to the corporal ICs will affect COX-2 activity and subsequently relax CCSM. In short, the definite role of the corporal ICs in nitrergic transmission needs further study.
Conclusion
ICs in guinea pig corpus cavernosum were identified using immunoreactivity for the kit receptor. Their ultrastructural characteristics and close relations between ICs and nearby SMCs and intramural nerves were revealed by TEM for the first time. Furthermore, the fresh purified ICs expressed NO-sensitive sGC and act as targets of NO. These findings suggest that ICs are possibly involved in nitrergic transmission in guinea pig corpus cavernosum. In our future research, we will be devoted to clarify the physiological role of ICs in NO signal transmission in the corporal tissue.
